The vasculature consists of endothelial cells (ECs) lined by pericyte/vascular smooth muscle cells (vSMCs). Pericyte/vSMCs provide support to the mature vasculature but are also essential for normal blood vessel development. To determine how pericyte-EC communication influences vascular development, we used the well-established in vitro model of TGFβ-stimulated differentiation of 10T1/2 cells into pericyte/vSMCs. Microarray analysis was performed to identify genes that were differentially expressed by induced vs. uninduced 10T1/2 cells. We discovered that these cells show an angiogenic program of gene expression, with up-regulation of several genes previously implicated in angiogenesis, including VEGF, IL-6, VEGF-C, HB-EGF, CTGF, tenascin C, integrin α5, and Eph receptor A2. Up-regulation of some genes was validated by Western blots and immunocytochemistry. We also examined the functional significance of these gene expression changes. VEGF and IL-6 alone and in combination were important in 10T1/2 cell differentiation. Furthermore, we used a coculture system of 10T1/2 and human umbilical vein ECs (HUVECs), resulting in the formation of cordlike structures by the HUVECs. This cordlike structure formation was disrupted when neutralizing antibodies to VEGF or IL-6 were added to the coculture system. The results of these studies show that factors produced by pericytes may be responsible for recruiting ECs and promoting angiogenesis. Therefore, a further understanding of the genes involved in pericyte differentiation could provide a novel approach for developing anti-angiogenic therapies.
dilution), anti-desmin (DAKO; 1:50 dilution), anti-tropomyosin (Sigma, St. Louis, MO; 1:100), anti-calponin (Sigma; 1:40), and anti-APN (PharMingen, San Diego, CA). In addition, an isotype control was used for each antibody. For gene validation, we used antibodies to EphA2 (Upstate Biotechnology, Waltham, MA; 10 µg/ml), anti-CTGF (from G. Grotendorst; 1:50), anti-VEGF (Research Diagnostics, Minneapolis, MN; 10 µg/ml), anti-mouse integrin α5 (PharMingen; 10 µg/ml), anti-mouse tenascin (Sigma; 1:200), and anti-HB-EGF (M. Klagsbrun, Children's Hospital, Harvard Medical School, Boston, MA). This was followed by the secondary antibody (Sigma; anti-mouse IgG, biotin conjugated, 1:300) and then use of the ABC-HRP (DAKO). The substrate used was diaminobenzidine (DAKO) reagent, resulting in a brown reaction product. Each experiment was performed at least three times.
Cocultures
HUVECs and 10T1/2 cells were initially cultured in their respective medium. For cocultures, HUVECs and 10T1/2 cells were mixed in varying ratios (1:1, 2:1, 3:1, 10:1, 20:1, 40:1) in EGM-2 MV medium. Cells were cultured in eight-well chamber slides, fixed after 72 h, and sequentially stained for EC and pericyte markers. Cells were initially stained using the mouse anti-human P1H12 antibody (Chemicon, Temecula, CA) for ECs. Biotin-tyramide was used to amplify the signal, followed by ABC-AP. The substrate used was new fuchsin, and the reaction product was red. Alpha SMA staining for pericytes followed this. A biotinylated secondary antibody was used followed by ABC-HRP and diaminobenzidine as the substrate. The reaction product was brown.
RNA extraction
10T1/2 cells were cultured in the presence of TGFβ1 for 48 h. RNA was extracted from these cells using the RNA-STAT reagent (Tel-Test Inc., Friendswood, Texas). RNA was extracted from uninduced cells (t=0) after 48 h of culture in the presence of TGFβ1, as per the manufacturer's instructions. The extracted RNA was then cleaned using RNeasy (Qiagen, Valencia, CA). RNA was determined to be of sufficient quality by gel analysis and if the OD260/OD280 ratio was between 1.9 and 2.1. RNA was subjected to microarray analysis using the murine U74A chips from Affymetrix.
Functional significance of genes analyzed by DNA microarray
To determine the importance of VEGF, IL-6, and integrin α5 on pericyte differentiation and on pericyte-HUVEC cord formation, neutralizing antibodies to murine VEGF, IL-6, and integrin α5 were added either individually or in combination to TGFβ1-induced 10T1/2 cell cultures, as well as cocultures of HUVEC and 10T1/2 cells. GS was used as the control for anti-VEGF and anti-IL-6. Rat IgG2a was the isotype control for anti-integrin α5. Each of the following were added each day to the culture: 4 µg/ml anti-VEGF, 2 µg/ml of anti-IL-6, and 20 µg/ml of anti-integrin α5 antibodies.
SDS-PAGE and Western blot
Cell lysates were prepared and separated by PAGE (precast gels, Bio-Rad, Hercules, CA). This was followed by electroblotting onto a polyvinylidenedifluoride (PVDF) membrane. After blocking with 5% BSA in Tris-buffered saline/Tween-20 (TTBS) for 1 h, the membrane was incubated overnight with either anti-SMA antibody, anti-EphA2, anti-CTGF, or anti-VEGF antibody. After washing with TTBS, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (Amersham, Arlington Heights, IL; 1:5000 dilution) for 1 h. Protein bands were detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL).
RESULTS

Differentiation of 10T1/2 cells
The 10T/1/2 cell system makes use of a multipotent mouse embryonic cell line as a presumptive precursor to pericyte/SMCs (12) . These cells can be induced to undergo differentiation to pericyte/SMCs by TGFβ1. 10T1/2 cells were cultured in eight-well chamber slides in the presence of TGFβ1. As described by D'Amore et al. (12) , these cells changed their shape from polygonal to spindle within 24 h, with up-regulation of αSMA expression. In our experiments, maximum αSMA expression was seen at 48 h of culture (Fig. 1A) . Since αSMA alone cannot be used as a marker of pericyte/SMC differentiation, we also assessed expression of other pericyte/SMC markers: calponin (Fig. 1B) , desmin (Fig. 1C) , and tropomyosin (Fig. 1D) . Expression of all of these markers was noted after 48 h in culture. Earlier studies have suggested that "activated pericytes," that is, pericytes at the sites of active angiogenesis, express aminopeptidase A (APA) (13) , aminopeptidase N (APN) (14) , and N-cadherin (15) . We assessed expression of APA and APN in induced 10T1/2 cell cultures using immunocytochemistry. We did not observe any expression of APA. However, APN first appeared at 24 h of culture and peaked at 48 h of culture (Fig. 1E) , with 60-70% positive cells.
The importance of TGFβ1 in maintenance of the differentiated state of the induced pericytes was examined next. 10T1/2 cells were cultured in the presence of TGFβ1 for 48 h in duplicate wells. At this time point, one set was stained to confirm that cells had differentiated to pericyte/SMCs. For the second set of cultures, the medium was removed and cells were refed without TGFβ1 for 3 days. The differentiated state of the cells was then determined both microscopically and by αSMA expression. In the absence of TGFβ1, cells reversed their differentiated phenotype ( Fig.   1) , as seen by a change in the cell shape from spindle back to polygonal, and a decrease in αSMA expression back to that of undifferentiated cells.
Microarray analysis of genes expressed during the differentiation of 10T1/2 cells
Microarray analysis of genes expressed by 10T1/2 cells at 48 h of culture in the presence of TGFβ was performed using the murine Affymetrix chips. Genes that were either up-regulated or down-regulated fourfold or more were determined. This gene group is as shown in Table 1 . Of these genes, those shown in bold were selected for further analysis on the basis of reagent availability and a known role in angiogenesis; other genes involved in angiogenesis as ascertained by Pubmed search (on words "angiogenesis" and "gene of interest') are indicated with a asterisk (see Table 1 ).
VEGF-A is one of the most important growth and survival factors for endothelium (3) . It causes proliferation of ECs, induces angiogenesis, regulates vasculogenesis, is induced by hypoxia, and can stimulate cell migration and inhibit apoptosis (16) . It is also a mitogen for pericytes under hypoxic conditions (17) .
IL-6 is a proinflammatory cytokine produced by macrophages (18) . It induces secretion of VEGF in cervical cancer cells (19) . Substantially high microenvironmental IL-6 levels promote tumor angiogenesis and the development of cervical cancer (19) . Overexpression of IL-6 in basal cell carcinoma cell lines decreases apoptosis and increases tumorigenic potency (20) .
Heparin binding epidermal growth factor-like growth factor (HB-EGF) is an EGF-related peptide with prominent effects on cell growth and migration (21) . Cultured mesangial cells synthesize HB-EGF and is a potent mitogen for SMCs (22).
VEGF-C can be stimulated by serum, PDGF, EGF, and TGFβ (23) and may play a role in tumor progression via lymphangiogenesis (24) and angiogenesis in human esophageal carcinoma.
EphA2 receptor tyrosine kinases/Eck are the Eph family of receptors, the ligands for which are ephrins. EphA2 is particularly involved in tubular network formation by aggressive melanoma cells in vitro (25). Recent studies have localized EphA receptors to the vasculature (26).
Integrin α5 has recently been shown to play a significant role in vessel formation, both in embryonic stem cell cultures and in teratocarcinomas (27).
Tenascin C is an extracellular matrix protein that may be involved in EC activation and may also play a role in tumor angiogenesis (22). Its increased expression in tumor vessels correlates with a high proliferative index of the tumor (28, 29). Sprouting and cord-forming ECs specifically express tenascin C in vitro (30).
In addition, we elected to study another gene, CTGF, an ECM-associated heparin binding protein known to be specifically induced by TGFβ. VEGF also induces CTGF expression in ECs and pericytes (31) and is involved in their proliferation and migration (32, 33). It also plays a role in EC survival (34). CTGF is a potent angiogenesis factor inducing tube formation of vECs in vitro and neovascularization in vivo (35).
Validation of gene regulation
Up-regulation of several of the modulated genes was validated using immunocytochemistry as well as Western analysis. 10T1/2 cells were cultured with or without TGFβ1 for 48 h. By immunocytochemical staining, we confirmed up-regulation of the following proteins: connective tissue growth factor (CTGF) ( Fig. 2A) , HB-EGF (Fig. 2B) , VEGF-A (Fig. 2C) , EphA2 (Fig. 2D ), integrin α5 (Fig. 2E) , tenascin (Fig. 2F ). Integrin α5 (Fig. 2E) and tenascin ( Fig. 2F) were expressed only in the presence of TGFβ1, with no detectable expression in uninduced cells. Cells showed a basal low-level expression of VEGF (Fig. 2C ) that was enhanced in the presence of TGFβ1. CTGF ( Fig. 2A) , HB-EGF (Fig. 2B) , and EphA2 (Fig. 2D ) expression was also increased in the presence of TGFβ1. Western analysis confirmed TGFβ-induced expression of the following genes: CTGF, VEGF-A, and EphA2 (Fig. 3) . CTGF was expressed at a very low level in uninduced cells with a two-to threefold increase in the presence of TGFβ1. VEGF-A and EphA2 were increased several fold by TGFβ1 treatment.
Evidence for functional significance of modulated genes
The importance of several of these factors to act in a paracrine or autocrine manner during pericyte differentiation was examined. To assess a potential autocrine effect of VEGF, IL-6, or integrin α5 on 10T1/2 cell differentiation, we cultured the cells in the presence of TGFβ1 with or without neutralizing antibodies to VEGF-A, IL-6, or integrin α5. Differentiation was assessed by Western blotting for αSMA. In the presence of anti-VEGF-A, there was a 25-30% decrease in αSMA expression (Fig. 4) , whereas neutralizing antibodies to IL-6 and integrin α5 failed to prevent 10T1/2 cell differentiation. These results suggest that VEGF may play a role in 10T1/2 cell differentiation to pericytes.
To examine whether factors produced by differentiating pericytes have a paracrine effect on adjacent ECs, we used a 2-D coculture system. In this system, human umbilical vein ECs (HUVECs) were cultured with murine10T1/2 cells, leading to the formation of cordlike structures. The addition of either anti-VEGF antibody (Fig. 5A ) or anti-IL-6 antibody (Fig. 5B) to the coculture inhibited in vitro angiogenesis by ~50-60% when compared with goat serum (GS) control. While anti-VEGF-A and anti-IL-6 could each individually affect the formation of cordlike structures, the largest inhibitory effect was seen when anti-VEGF and anti-IL-6 were added together (Fig. 5C ) Anti-integrin α5 did not have any inhibitory effect (Fig. 5D ) when compared with isotype control antibody. To address the possibility that the neutralizing antibodies affected survival of ECs, we treated isolated cultures of HUVECs with these antibodies (Fig. 5E ) and noted no deleterious effects on the EC survival.
Effects on 10T1/2 cell differentiation in cocultures of HUVECs and 10T1/2 cells
The results of our HUVEC and 10T1/2 cell coculture experiments indicated that pericytes induce ECs to form cordlike structures. To determine whether ECs reciprocally influence 10T1/2 cells in these cocultures, we examined expression of αSMA by immunocytochemistry. 10T1/2 cells in contact with HUVECs showed a change in cell shape as well as increased expression of αSMA ( Fig. 6 ), indicating that EC-10T1/2 cell contact can induce pericyte differentiation. Neutralizing antibodies to murine VEGF-A, IL-6, and integrin α5 resulted in a 50-70% decrease in αSMA expression (Fig. 6 ). These results demonstrate that factors produced by pericytes function in an autocrine as well as a paracrine manner.
DISCUSSION
Angiogenesis is a complex process that involves several sequential events. These include invasion of ECs into connective tissue, migration, proliferation, cell-cell association, and lumen formation. The ECs then associate with pericyte/SMCs, thereby leading to the formation of mature, stable vasculature (36). Several studies have suggested the importance of pericytes in angiogenesis (6, (37) (38) (39) (40) (41) . In this study, we evaluated the gene expression pattern for differentiated pericytes from precursor 10T1/2 cells. The in vitro model used to study this process was that of 10T1/2 cells differentiating to pericytes in the presence of TGFβ1 (12) . Cells changed from hexagonal to spindle shape with an increase in expression of αSMA as well as other pericyte markers. This was consistent with previous results of D'Amore et al. (12) .
ECs and pericytes closely interact with each other (42). A number of autocrine and paracrine factors are produced that have been implicated in vessel assembly and growth. Cell-cell interactions have been shown to mediate differentiation and stabilization of developing tissue in several other model systems as well (43-45). Interestingly, in the developing nervous system, heterotypic interactions between the innervating neuron and the target cell affect the survival and differentiation of both cell types (46). Among the factors produced in the vasculature, VEGF is a potent mitogen as well as permeability factor for ECs. We now find that this factor is produced not only by ECs but also by pericytes.
As discussed in the results, several genes were up-regulated during the differentiation of 10T1/2 cells to pericytes. Some of the genes that were up-regulated in addition to VEGF-A include VEGF-C, tenascin-C, HB-EGF, EphA2, IL-6, and integrin α5. Using various experimental models, each of these genes has been previously implicated in angiogenesis. However, our results demonstrate for the first time that perciytes alone express all these genes during their differentiation process.
The regulation of pericyte growth in vivo has been poorly understood. However, genetic studies using knockout mice have indicated several genes to be important, namely, dHAND (47), PDGF-BB as well as PDGF-R-β (48, 49), and LKLF (50, 51). A G protein-coupled receptor, Edg-1, is also important for recruiting mural cells to the vessel wall (52).
Autocrine and paracrine mechanisms in vascular development
Several autocrine and paracrine factors have been shown to be important in angiogenesis (3, 32, 53) . Addition of TGFβ to 10T1/2 cells promotes their differentiation to pericytes (12) . This effect of TGFβ on 10T1/2 cell differentiation is reversed if this factor is removed. This would suggest that once the angiogenic program is turned on by TGFβ, removal of TGFβ not only turns off the angiogenic program but reverts the pericytes to their original undifferentiated state. It is conceivable that modulation of TGFβ in a tumor microenvironment could explain the net pro-/anti-angiogenic effect of this molecule (54, 55).
Our microarray analysis results suggest that VEGF-A might act in an autocrine fashion, partly promoting the differentiation of 10T1/2 cells. Blocking VEGF-A activity using neutralizing antibodies resulted in decreased αSMA expression in 10T1/2 cells despite the presence of TGFβ1. This indicates that VEGF-A plays an important role in the differentiation of pericytes. This further suggests that VEGF-A produced by pericytes, acts in an autocrine as well as paracrine manner.
Cell-cell interactions are critical in the formation of a stable mature vessel
We used a 2-D coculture system to assess the effects of heterotypic cell-cell interactions between ECs and pericytes. In this system, TGFβ produced by ECs causes differentiation of 10T1/2 cells (12). In the current study, when HUVECs were cultured alone, they did not form cordlike structures. Also, 10T1/2 cells cultured alone did not differentiate to pericytes. When cultured together, HUVECs formed cordlike structures and 10T1/2 cells differentiated to pericytes. The optimum ratio of HUVECs:10T1/2 cells in these cocultures was 2:1 or 3:1. At higher concentrations of 10T1/2 cells, no such cordlike structures were observed, indicating that 10T1/2 cells might secrete an inhibitory factor that probably reaches a critical concentration as the number of 10T1/2 cells is increased. However, we have not attempted to isolate this factor. Also, when the number of HUVECs was increased, we did not see any cordlike structure formation, indicating that the ratio of ECs to 10T1/2 cells is critical to promote cordlike structure formation in this system. This data might be extrapolated to the in vivo situation to suggest that a critical balance between pro-and anti-angiogenic factors is important in promoting angiogenesis.
We assessed the role of several of the gene products up-regulated in pericyte differentiation (VEGF-A, IL-6, and integrin α5) in the process of cord formation by ECs. We used EGM2-MV complete medium that was supplemented with human growth factors. The 10T1/2 cells are murine cells, and therefore for studying the role of factors important in cord formation by ECs, we used neutralizing antibodies to the murine VEGF, IL-6, and integrin α5. Our results indicate that the inhibition of cord formation is not due to the neutralization of VEGF, which serves as a survival factor for ECs. HUVECs cultured alone and treated with the neutralizing antibodies at the same concentrations did not affect the proliferation of HUVEC cells, suggesting that these factors might act indirectly inducing secretion of others factors and/or that cell-cell interaction between ECs and pericytes was important for this process. This suggestion was strengthened by the results of our coculture experiments in which addition of neutralizing antibodies to VEGF-A and IL-6 decreased the percentage of αSMA-expressing cells and further caused inhibition of cordlike structure formation by ECs.
The results of coculture experiments suggest that pericytes influence ECs either directly via cellcell contact and/or indirectly via secreted factors and might "lead" in the angiogenic sprout. This finding is further substantiated by recent work of Darland et al. They show that differentiated pericytes produce VEGF that may act in a juxtacrine/paracrine manner and as a survival and/or stabilizing factor for ECs in microvessels. (56). Further, it was recently shown that pericytes form a sheath around the ECs and that this sheath extended beyond the EC. Interestingly, pericytes regularly accompany endothelial sprouts on growing blood vessels and appear to be involved in sprout formation (41) in determining the location of sprouts as well as in guiding the outgrowth of sprouts (57, 58) . Pericytes are located on the growing front of the tumor vasculature where active angiogenesis is occurring (41). Pericytes are among the first cells to invade the newly vascularized corpus luteum (59) and are also the ones to proliferate early on in tumor angiogenesis (60) . However, pericyte coverage is variable in tumors. Based on our microarray data as well as these observations by others, pericytes might play a significant role in blood vessel growth in some tumors in which there is substantial pericyte coverage, and would therefore be a potential target in anti-angiogenic therapy in these cases (61, 62) . Indeed, very recent data targeting pericytes (via blockade of PDGF signaling) in conjunction with anti-endothelial therapy suggest that such combination therapy may be particularly efficacious (56, 63) . A limitation of this study is that our in vitro data will need to be verified in vivo. 31. Suzuma, K., Naruse, K., Suzuma, I., Takahara, N., Ueki, K., Aiello, L. P., and King, G. L. 
